Abstract. Prediction of the ground shaking response at soil sites requires knowledge and understanding of soil shear wave velocity Vs, a parameter that is strongly related to
INTRODUCTION
Geophysical measurements are becoming important and common for geotechnical projects where earthquake loading is anticipated. Older site investigations lack geophysical measurements and mainly provide beside the geologic setting, SPT blow counts or CPT cone tip penetration resistances. Correlations between shear wave velocity, SPT blow counts N and qc cone tip resistance, including geologic setting and site stratigraphy are therefore potentially useful and beneficial at least as a primary screening tool before identifying the necessity for further geophysical testing. Shear wave velocity V s has become one of the preferred methods for estimating the small strain shear properties and has been incorporated into site classifications systems and ground motion prediction equations. Shear wave velocity (V s ) is an important pointer of the dynamic properties of soil and rock because of its relationship with G max , given by G max = ρ V 2 s , where (ρ) is the soil density. Characterization of the stress-strain behavior of soils is a fundamental component of many seismic analyses, including hazard analysis, site response analysis, and soil-structure interaction. The shear modulus (G) of soils is highly reliant upon strain level. The small-strain shear modulus (G max ) is typically linked with strains on the order of 10 -3 % or less [1] . With knowledge of G max , the shear response at various levels of strain can be estimated using modulus reduction (G/G max ) curves [2, 3] . The importance of V s has been widely recognized in ground motion prediction equations by implementation of site factors that modify ground motion based on the difference between a site V s and a reference V s or by direct incorporation of a Vs term in the ground motion regression equations. New relations include V s30 as a constant required for ground motion prediction, where Vs 30 is the average shear wave velocity in the upper 30m. Geophysical methods are being increasingly used for analyzing the subsurface, whether for landslides or site effects, because of their mainly non destructive nature and relatively simple execution; nevertheless, the measured geophysical parameters cannot be yet directly used by geotechnical engineers to perform stability or resistance calculations.
In the present study, an overview of some of the existing correlations between shear wave velocity Vs with the SPT blow count number N, or with the cone tip resistance q c of CPT is given [4, 5, 6, 7] . Afterwards the general setting of the study site is presented with specific emphasis on available geological as well as geotechnical data [8] . And since there are actually no correlations available for Lebanese soil deposits between geophysical measurements such as shear wave velocity and geotechnical measurements such as SPT and CPT in situ tests, the existing correlations in the literature are used to establish specific correlations for the Lebanese context. Finally discussion and recommendations are proposed to help the geotechnical earthquake engineering community make a better assessment of the soil properties as far as liquefaction potential or seismic response are concerned.
BACKGROUND AND EXISTING CORRELATIONS
Many researchers have proposed correlations mostly between N-SPT or q c -CPT and Vs for different soils (sand, silt and clay). There have been attempts to incorporate some additional dependent variables in describing the relationships, among these some researchers tried to include a depth factor or the vertical effective stress in their correlations. The following tables present an overview of the relations that will be the point of departure of the research carried on by the authors. Table 1 presents the correlations with N-SPT and Vs, Table 2 shows correlations involving the depth factor D, and finally Table 3 presents correlations q c -CPT and Vs. Further discussions on the influence of the parameters as well as propositions of new correlations will be given later in the paper.
Reference
All soils Sand Clay [9] Vs = 76N^(0.33) [10] Vs = 100.5N^ ( 
V s = 85 × × [20] V s = 72.3× × Table 2 : Correlations between shear wave velocity Vs and N 60 -SPT including depth factor D. 
GENERAL SETTING OF THE STUDY SITE
Soil investigation was carried out in Antelias, the northern suburb of Beirut, to get an estimate of the physical and mechanical characteristics of the subsurface soil/rock existing beneath the site surface, in order to provide the necessary information for geotechnical aspects relevant to the proposed projects in the area. The site is a relatively flat land. It is bound by Beirut-Tripoli coastal road to the west. A water course passes along the site limits. The site has an irregular surface area of about 10000m 2 . The site has an average level of about 3.5mASL. The sea is present at a distance of about 150.0m to the west of the site.
Field Works
Ten boreholes were drilled down to depths reaching 66.0m from existing ground levels. Some Boreholes were drilled destructively with SPT in the soil formations and using double core barrel in marl and rock formations. Other Boreholes were destructively drilled with pressuremeter Tests at an average interval of 3.0m. A total of seventy nine pressuremeter tests were carried out in these boreholes. Cone penetration test was performed at a few locations. Laboratory tests were performed on selected samples obtained from the borings to help in the classification of the soil and to determine their engineering properties. Undisturbed clay samples were extracted using Shelby Tubes for the purpose of performing Triaxial and Consolidation tests. This amount of data will help in the assessment of sol behavior during the analysis.
Geology and Subsurface Conditions
According to the geological map of Beirut, the site area is underlain by alluvial sand of the quaternary age followed by in order: 1) a grey fine-bedded limestone and marly limestone of Sanine formation (C4); 2) a brown green marl of Hammana formation (C3); 3) a grey cliff forming limestone of Mdairej formation (C2b); and finally brown green variable units of limestone, marl and sandstone of Abieh formation (C2a). A fault passes at about a distance of 1000m to eastern south direction of the site.
Interpretation of the geotechnical investigation paired with the available field data revealed that the ground formation beneath the site surface consists mainly of a top layer of fill material having a variable thickness ranging between 4.5m and 6.0m, followed by alluvial deposits consisting of interbedding sand, clay, silt and gravels. This alluvial soil is underlain by interbedding marl and marly limestone.
More specifically, the fill material was encountered in all the boreholes in layers ranging in thickness between 4.5m and 6.0m. It generally consisted of beige sand with gravels and cobbles of limestone. The presence of the site close to a water course confirms the presence of alluvial deposits. These deposits encountered beneath the site surface consisted of sand, clay, silt and gravel with thicknesses varying between 21.5m and 54.5m. However, the color of these formations varied between beige, light to grayish brown, red, yellow, and grey.
Finally, the interbedding marl and marly limestone: This formation was encountered beneath the alluviums. The thickness of this layer varied between 12.0m and 33.0m. The marl was generally found to be beige to white sandy gravely marl with cobbles of limestone. The limestone was encountered within the marl in layers having a maximum thickness of 5.0m. These were found to be beige to yellowish cream and interbedded with layers of marl at some locations. Figure 1 shows typical N-SPT results. 
ANALYSIS AND DISCUSSION
In this study, analysis has been carried out for three groups of soils: Sand, Clay and All Soils. In the first phase, values of N as function of depth has been drawn based on all available data. Three envelopes were obtained for each group of soil: an upper limit envelope, a lower limit envelope and an average envelope. Regression analysis was based both on a polynomial third degree approach and a power type approach. For illustration, the polynomial third degree approach is shown in the figures. Figures 2 and 3 All the above equations show that results are very close whether considering a polynomial third degree or a power approach. The thing to be noted is that in the case of the group all soils, results are more conservative because all points are considered. Values of Vs found using the equations range from 150 m/s to 400 m/s and these are reasonable values for these types of soils.
In the last part of the discussion of results, CPT based results are considered. Based on the references [20, 21, 22, and 23] , the following equations are derived. The correlation to be considered for Vs as a function of q c and the effective stress σ' v for sand based on a polynomial approach is:
Vs= 225 q c -0.002 σ' v 0.0423 (13) The correlation to be considered for Vs as a function of q c and the effective stress σ' v for sand based on a power approach is:
Vs= 234 q c -0.001 σ' v 0.0405 (14) As far as clay is concerned, the equation for Vs as a function of q c based on a polynomial approach is:
Vs= 156 q c 0.024 (15) For the same data analyzed, the equation to be considered for Vs as a function of q c for clay based on a power approach is:
Vs= 141 q c 0.029 (16) The correlations obtained shall be very helpful for the earthquake geotechnical engineering community. It is very important nowadays to work both with geotechnical as well as geophysical data when available. Not all geotechnical projects include geophysical prospection; this is why the use of correlations might be of interest for a first assessment only. Any soil seismic response analysis requires however a complete geophysical investigation couples of course with the traditional geotechnical investigation. Results obtained in the present study compare very well with an earlier published [24] Vs profile based on inversion parameterization of dispersion estimates obtained in the same area. More geophysical measurements are to be made in the near future.
CONCLUSIONS
Geotechnical and geophysical tests are of primary importance and complementary as far as characterizing the soil subsurface. Since geophysical testing is not systematically carried out, the use of existing correlations between in situ geotechnical testing (SPT and CPT) and shear wave velocity for soils is beneficial. In this paper, existing N-SPT and qc-CPT data has been thoroughly analyzed. Correlations between Vs, N-SPT and qc-CPT were established. Some of the proposed correlations include the depth parameter D as well as the effective earth pressure σ' v . The developed correlations are based on other correlations already available in the geotechnical literature. The obtained results compare well with previous geophysical measurements conducted at the same site. The proposed correlations should be used with precaution by the earthquake geotechnical engineering community. Further analysis is being conducted in the hope of yielding still more representative correlations. Vs in situ measurements are to be recommended in parallel with the use of the correlations.
